Abstract
Introduction
Influenza is a contagious and infectious respiratory disease mediated by the flu virus. Every year the flu makes its way across the world causing illness and even death, particularly in the elderly and young who are more likely to be immunocompromised [1] . As an example of the lethality of this negative-sense single stranded RNA virus, it is estimated that in 2009, approximately 16,000 people died in Mexico as a result of the swine flu, demonstrating the virulence of this class of virus. Influenza viruses are categorized into three serological subtypes, including type A, B and C [2] . Influenza type A is the most virulent of the three and is the primary focus of vaccination. Influenza A viruses contain 8 segmented [3] RNA sections and are classified based on NA and HA types that include 9 NA subtypes (N1 -N9) and 16 HA subtypes (H1 -H16). Influenza A viruses undergo constant mutation and reassembly of its genetic material resulting in evasion of human immunity and therapies [4] . Although rare, this viral genetic shift can even result in interspecies transmission from animals to humans. Case in point is the reassembly of the avian influenza A (H7N9) virus [5] originating in China in 2013, resulting in the infection of at least 134 people and causing 35 reported deaths.
Influenza is currently treated by two classes of drugs including small molecules and vaccines. Among the small molecules are M2 ion channel blockers such as Amantidine (Symmetrel) and Rimantidine (Flumadine) and neuraminidase inhibitors such as Oseltamivir (Tamiflu) and Zanamivir (Relenza) [6] . Unfortunately, the effectiveness of these drugs has been compromised by the emergence of drug-resistant viral mutations [7] - [9] . For example, since 2005 due to a H274Y mutation in neuraminidase, Oseltamivir is now relatively ineffective against the flu [10] - [12] and all isolates of the H3N2 viruses are now resistant to the M2 blockers [13] [14] . The speed and rate of mutation by the influenza virus highlights the need for developing new medicines targeting different mechanisms and viral proteins.
One such protein that has garnished attention is the influenza virus A nucleoprotein (NP) coded by the fifth genome segment. NP is expressed at very high levels throughout the course of infection and has several critical functions [15] [16] such as genome trafficking, vRNA synthesis and viral assembly. Unlike other targets, like hemagglutinin (HA) and neuraminidase (NA), NP is relatively conserved in the influenza virus genome making this protein an attractive target for drug development [17] - [21] .
The molecule nucleozin (Figure 1 ) was shown to be a potent blocker of NP accumulation in the nucleus, reported by Yuen et al. [22] and Wong et al. [23] in 2010. It was determined that nucleozin and related analogs catalyzed the aggregation of nucleoprotein, thus preventing viral nuclear accumulation resulting in potent anti-influenza activity. In 2011, the discovery and optimization of nucleozin like molecules by Samuel [24] et al. were shown to have even greater efficacy in blocking influenza and co-crystallization with one of the molecules with NP showed an unusual NP_A: NP_B dimeric subunit bearing two protein bridging ligands in an antiparallel arrangement. This unusual quaternary complex suggested that the NP inhibitors were inducing the formation of stable NP oligomers, blocking viral nuclear accumulation. In 2012, our team [25] developed new potent NP inhibitors by employing bio-isosteric replacement strategies and scaffold-hopping, but unfortunately the molecules displayed poor pharmacokinetics in rodents due to metabolic instability thereby limiting their utility as drugs. The focus of this paper is on chemical improvements that we make to the benzamide based NP inhibitors. 
Results and Discussion

Chemistry
Based on modelling we assumed the isoxazole moiety of nucleozin is a factor for the observed metabolic instability for this class of molecules [24] , so as a first strep we replaced the isoxazole motif of nucleozin into a simple phenyl group and evaluated the influence on stability and potency against influenza A. Moreover, a series of benzamide derivatives were made with the hopes of further improving both the potency and pharmacokinetics of the drugs. Benzamide based derivatives were prepared by direct condensation using substituted benzoic acids with 1-(2-chloro-4-nitrophenyl) piperazine in the presence of EDCI and Et3N at room temperature (Scheme 1). 1-(2-chloro-4-nitrophenyl) piperazine was made using previously described methods and the substituted benzoic acids were made using commercial chemicals as starting points for modification. According to our previous publication [25] , the 2-chloro-4-nitroaniline (ring B) was found to be important for anti-influenza potency. So, in this study our modifications were primarily focused on the A ring where multiple substituents were introduced to evaluate their effect on activity.
MDCK Cell-Based CPE Assays
Using Madin-Darby canine kidney (MDCK) cells, compounds were tested for their potency in blocking theinfluenza A viral mediated, cytopathic effect (CPE), summarized in Table 1 . Nucleozin (compound 3), which was used as positive control, showed good inhibition of the replication of H3N2 (A/HK/8/68) and H1N1 (A/WSN/33) strains with IC 50 values of 1.93 and 1.15 μM, respectively.
As hoped, substituted groups in phenyl A, significantly improved the anti-influenza activity. Based on this approach we substituted a methyl, chloro, bromo, or nitro group into the ortho-, meta-or para-position of the A ring (compound 11 to 22) and found that the ortho-or para-substitution (compound 11, 13, 14, 16, 17, 19, 20 and 22) increased potency while the meta-substitution (compound 12, 15, 18 and 21) had only a modest effect on activity. Case in point, when we added a nitro group into the para-position of the A ring (compound 22), a dramatic increase in potency was observed with IC 50 values of 3.45 and 3.01 μM for blocking the replication of H3N2 (A/HK/8/68) and H1N1 (A/WSN/33), respectively. This is about six times more potent than compound 10. Other substitutions at the ortho-or para-position, other than compound 29 showed an increase in potency demonstrating a clear structure activity relationship.
Di-substituted derivatives with 2-, 6-and 2-, 4-substitutions in the phenyl A ring (compound 30 to 38) also showed better efficacy compared to the mono substituted analogs. The safety of the compounds was tested for potential cytotoxic effects using MDCK cells, results also summarized in Table 1 . Most of the compounds showed no cellular growth inhibition against MDCK cells up to 100 μM, although our most potent antiviral derivative, compound 39, displayed some toxicity against MDCK cells with an IC 50 value of 1.53 μM.
Plaque Reduction Assay
The plaque reduction assay was used to further evaluate the efficacy of lead molecules 33 and 39. As shown in 
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The plaque formation was inhibited at concentrations as low as 0.11 μM while complete inhibition was seen at concentrations of ~1 μM for both compounds. These results were in alignment with the CPE assay.
In order to better understand the mechanism by which nucleozin triggers the aggregation of NP and blocking of its nuclear accumulation in influenza infected MDCK cells, the effects of compound 39 was evaluated using fluorescence microscopy (Figure 3) . The data showed that molecule 39 blocked nuclear accumulation of the influenza virus A NP, following infection with H1N1 (A/WSN/33), trapping the protein in the cytoplasm of the MDCK cells. These data suggest that the nucleoproteins are the target of compound 39. 
Docking Study
Computational docking analysis predicts that compound 39 binds to the nucleoproteins in a similar manner asnucleozin and related analogues (Figure 4) . The carbonyl group of compound 39 forms a hydrogen bond to the hydroxyl group of serine residue 376 in NP_A and the chloro group in ring B forms a halogen bond with tyrosine residue 52 in NP_B. In addition, tyrosine 289 in NP_B interacts with the 2-chloro-4-nitro-phenyl moiety of 39, forming a strong π-π stacking interaction.
PK Study
As mentioned before, poor pharmacokinetic properties limit nucleozin and related derivatives as drug candidates, thus we investigate the pharmacokinetic properties of our new benzamide derivatives as potentially better drug like molecules. As a representative molecule, compound 32 was dosed orally in rats at 25 mg/kg or by injection at 5 mg/kg and displayed a promising pharmacokinetic profile summarized in Table 2 . The half-life was 4.6 h and showed reasonable oral bioavailability of ~21%, suggesting that these benzamide based NP inhibitors may be viable drug which leads to further optimization and development. In summary, we have successfully designed and synthesized a new series of benzamide derivatives with potent anti-influenza A activity. Unlike the first generation of NP inhibitors such as nucleozin and related derivatives, this series offers acceptable pharmacokinetic properties differentiating this class as a drug like that warrants further preclinical development.
